My second formally published paper, written with Peter Parsons and entitled 'The analogy between factorial experimentation and balanced multi-point linkage tests', 1 opens with the sentence 'It was pointed out by Fisher 2 in the Bateson lecture that the factorial method of experimentation, now used extensively in agriculture and other fields of research, derives its name and structure from the simultaneous segregation of Mendelian characters'. As Fisher put it in his lecture, 'I may mention a connection between our two subjects', namely genetics and statistics, 'which seems not to be altogether accidental'. He later says 'What a beautifully controlled experiment, again, is put into the geneticist's hands in a linkage test by simple backcross to a multiple recessive. Here each pair of allelomorphic genes should occur, though in different combinations, equally in each of the pairs of complementary genotypes which constitute his results. The first step to perfect control against viability disturbances, is then inherent in his material'.
Fisher had defined what he called a 'balanced' multipoint linkage test in 1936 as one where there are both coupling and repulsion data for every possible pair of factors. 3 For a simple two-factor test, this would just mean having data from both the coupling (AB/ab ¼ ab/ab) and repulsion (Ab/aB ¼ ab/ab) double heterozygote backcrosses. In a later paper, 4 devoted to analysing a three-point linkage test in the mouse, he advocated using all four possible combinations of heterozygotes (ABC/abc, Abc/aBC, aBc/AbC and abC/ABc) to enable estimation of the recombination frequencies that would take into account the differential viabilities of the various genotypes, while at the same time enabling the estimation of these viability effects. This is clearly what he was referring to in the above quote and which he describes in more detail later in the lecture. In the 1949 paper, he pointed out that the results could be arranged in the form of a latin square, and it was this arrangement that Bodmer and Parsons 1 exploited in their factorial interpretation of such an experiment, something that Fisher must clearly have had in mind.
This is a typical example of how Fisher brought together genetical and statistical concepts in the analysis of data, and this was the main theme of his inaugural Bateson lecture of 1951 (published in the journal Heredity in 1952) and which is the subject of this commentary. Fisher's opening sentence in the paper concludes by saying 'after hearing what I have written you may think that it is not so much an account of the contributions which the study of Statistics has made to the advance of Genetics, as an examination of the nature of genetical Science from the point of view of a statistician'.
Fisher's early interest in genetics followed his extensive reading of Darwin's work as a schoolboy. In his lecture, he points out that he bought Bateson's book, 'Mendel's Principles of Heredity', the first-ever English text on genetics (a word that Bateson coined), in the year of its publication in 1909 when he was 'a mathematical freshman'. There can be no doubt that Fisher's interests in genetics paralleled those in statistics from quite an early age. He had enormous respect for Mendel, his analytical mind and his awareness of statistical issues. In his lecture, he quotes Mendel from Bateson's translation of Mendel's paper from German to English as follows:
Those who survey the work done in this department will arrive at the conviction that among all the numerous experiments made, not one has been carried out to such an extent and in such a way as to make it possible to determine the number of different forms under which the offspring of hybrids appear, or to arrange these forms with certainty according to their separate generations, or definitely to ascertain their statistical relations.
He later says, echoing this respect for Mendel, 'Genetics is almost alone among the biological sciences in having a definite and compact, though doubtless imperfect, theoretical basis'. This is indeed the reason that I, as a young mathematician and also a student in Cambridge, was attracted to Genetics having previously learned essentially no biology, and so how I came to be one of Fisher's last students.
Already in the early 1930s, Fisher, stimulated by JBS Haldane, had become interested in the use of serological techniques to detect polymorphic genetic differences, such as the human blood groups ABO, MN and Rhesus (Rh). He speculated that serology would be a way to detect the direct products of genes, and by 1935 had set up a blood group research laboratory supported by the Medical Research Council. Through this he became interested in the interpretation of the developing complex serology of the Rh blood group system and put forward his extraordinarily imaginative suggestion that it could be represented by three closely linked loci each with two alleles, D/d, C/c and E/e, with corresponding pairs of serologically detectable antigenic determinants. 5 It was on this basis that, as he describes in the Bateson lecture, he predicted the discovery of an anti-e reagent, which was later found. He made a similar prediction with respect to finding an anti-S reagent to complement the anti-S that had been found to be closely associated with the MN blood groups and points out in the lecture that this had also actually been found quite recently. In the case of the Rh blood groups, molecular analysis has shown that there are in fact just two genes, one carrying the C,c and E,e determinants, but in distinct parts of the same gene, whereas the second codes for D, with d corresponding to a deletion of D so that the predicted anti-d could never be found. In the case of MNSs, the prediction of two closely linked genes in linkage disequilibrium was confirmed by the much later molecular analysis that showed that M and N were coded for by the Glycophorin A gene, while S and s were determined by the Glycophorin B gene product. These remarkable predictions, made at a time when the notion of such close linkage, at least in humans, was quite unexpected, are surely all derived from his combinatorial factorial way of thinking.
Fisher was very fond of complex combinatorial manipulations, and comments that 'from Mendel's paper to our own day, the primary distinctions of the language of geneticists have been combinatorial'. This is exemplified in his treatment of the analysis of linkage in tetrasomic inheritance, where chromosomes occur in sets of four rather than in pairs. In that case, rather than the two modes of gamete formation (recombinant and non-recombinant) usually considered for diploid organisms, there are 11 different modes of gamete formation. In the lecture, Fisher spends some time on this problem in a way that must have been totally incomprehensible to the vast majority of his audience.
Later in the lecture, he draws an analogy between the 'enormous variety of genotypes' that can be formed 'by the combination of relatively few, though, absolutely numerous, elements' and the variety of chemical compounds that can be formed by combinations of the chemical elements. He says, with respect to genetics, 'Our elements are genes, and our compounds genotypes', although he has already used the word elements for genes, and presumably really meant to refer to gene variants, or alleles, rather than genes as such. However, this seems a strange analogy, as we now know that there are many more genes than elements, but that the rules for their combination are much more constraining than those for the chemical elements. He then drew the analogy between organic chemistry, as compared with 'the older Chemistry of acids and bases' and polysomic inheritance. However, the importance of the latter has never come anywhere near Fisher's expectation. He also suggested that there was an analogy between the pure compounds used by chemists and the pure genotypes that can be obtained by inbreeding, which were, effectively, the basis of the success of Mendel's experiments. Though inbred strains of mice and certain other organisms have proved very useful, most genetic analyses now use other, largely molecular, genetic approaches, which Fisher could not have guessed at. He was, however, very early to recognize the potential of bacterial genetics, bringing Luca Cavalli-Sforza to his department in Cambridge in 1948 within 2 years of the discovery of sex in bacteria by Lederberg (my other major mentor) and Tatum. Fisher placed great emphasis on the importance of breeding programmes and the development of appropriate genetic strains, something that still remains important today.
As is well known, Fisher's first substantial and quite remarkable paper on genetics was his 1918 publication entitled 'The Correlation Between Relatives on the Supposition of Mendelian Inheritance'. 6 Though this was directed at reconciling the ideas of the biometricians, such as Galton and Karl Pearson, with the Mendelian geneticists, notably Bateson in the UK, the paper made an enormous contribution to the development of modern statistics. Thus, while the paper opens with the sentence, 'Several attempts have already been made to interpret the well-established results of biometry in accordance with the Mendelian scheme of inheritance', which he achieved, on the first page just a few sentences further down he says: 'It is therefore desirable in analysing the causes of variability to deal with the square of the standard deviation as the measure of variability. We shall term this quality the variance of the normal population to which it refers, and we may now ascribe to the constituent causes fractions or percentages of the total variance which they together produce'. Here, in one sentence, was the introduction of the word variance, as it is now commonly used in statistics, and of the notion of the analysis of variance.
In the Bateson lecture, Fisher makes very little reference to these aspects of statistics, though the analysis of variance, or its equivalent in terms of chi-square, lies at the basis of the analysis of the balanced multipoint linkage tests. He makes a fleeting reference to the needs of biometrical genetics and the analysis of field experiments. It seems strange, however, that Kempthorne, who did much basic work on quantitative genetics and the analysis of correlations between relatives in the 1950s, could have written in 1955 in a paper on 'The factorial nature of genetic determination' that 'It is extremely curious to me that while the factorial nature of inheritance has long been a widely used descriptive phrase for Mendelian inheritance, it was not realized that the methodology of factorial experiments could be applied to the situation. 7 This methodology was worked out by Fisher'. 8 He had clearly not read Fisher's Bateson lecture published 3 years before he wrote this, which suggests that the relationship between genetics and statistics that Fisher was discussing in that lecture was not then, and may not even now, be widely appreciated by either geneticists or statisticians.
In an earlier paper in this journal, 9 where I referred briefly to the interplay between Fisher's contributions to genetics and statistics, I discussed in particular the origins of Fisher's pioneering ideas on randomization. In the one reference to randomization in his Bateson lecture, Fisher says 'Genetics is indeed in a peculiarly favoured condition in that Providence has shielded the geneticist from many of the difficulties of a reliably controlled comparison. The different genotypes possible from the same mating have been beautifully randomised by the meiotic process. A more perfect control of conditions is scarcely possible, than that of different genotypes appearing in the same litter'. Here in a nutshell he describes the whole notion of 'Mendelian Randomization', which essentially uses the process of fertilization as a way to randomize, assuming that the genetic content of sperm and eggs does not affect their probability of achieving fertilization. This idea has recently attracted interest in certain areas of epidemiology. 10 A recurring theme throughout Fisher's lecture is that modern statistics, like genetics is a product of the 20th century. He talks about 'the cogency and precision, the directness and accuracy with which problems formerly intolerably encumbered, can, in this age, be recognised, and resolved'. He emphasizes how, just like Mendelian genetics, so for statistics 'Quite suddenly in the intellectual history of mankind it has become possible to think coherently and confidently about variation, a phenomenon which, when we reread nineteenth century authors, we see to have blocked and inhibited their thought to a degree which we find almost unimaginable'. Later, he says 'Experimental design has become an intelligible subject for discussion, not merely by improvement in technique, but by a change in point of view'. He also emphasizes how statistics can now deal with small samples, and the particular relevance of this to genetics, e.g. for the analysis of a single pedigree. All of these were developments that were mainly due to Fisher's own work.
He expresses considerable concern about the need for adequate teaching of genetics and statistics and the importance of getting the new viewpoints and approaches they represent accepted by the relevant professional communities. In his typically acerbic manner he comments that 'Amour propre is deeply aroused. Unproductive minds,-and God knows it is by no fault of their own that they are so-who by long occupancy of a rostrum have come to think of themselves as authorities, cannot easily brook the idea that they must reconsider their opinion'. This is surely a veiled attack on Karl Pearson, against whom he maintained a sustained vendetta, initiated it appears by Pearson's treatment of Fisher as a young man, and continued even long after Karl Pearson's death. He attacked botanists and zoologists for not giving primary importance to the teaching of genetics in its own right. He similarly attacked the early Drosophilists, for whom he actually had considerable admiration, for their lack of statistical awareness. 'Admirable as the early work with Drosophila was, the leading drosophilists of the United States were quite singularly unaware that anything was to be learned from statistical methods. Some seem to have cultivated the exceedingly misleading doctrine that with large enough numbers there was no need for critical experimentation.' He decried the fact that statistics was often taught as a branch of mathematics in 'large mathematical departments, with no tradition of living contact with experimental situations', who 'attempted to accommodate statistical teaching as an eccentric kind of pure mathematics'.
This comment introduces another important theme of Fisher's lecture and, more importantly, overall in his own work and supervision of his students, namely the supreme importance, as a statistician, of having direct contact with data and its collection. Having quoted Bateson as insisting 'that the geneticist's laboratory is the garden plot, or the breeding pen', he goes on to say 'It is not, I believe, sufficiently realised that this need for absolute realism is particularly required in statistical work when applied to genetic purpose'. That is how Fisher turned me from being a mathematician into being an experimentalist! As Fisher was giving the lecture as a memorial to Bateson on the 25th anniversary of his death, he paid tribute to Bateson's role in promoting Mendelian genetics, especially in the UK. Although he emphasized that he thought that Bateson did not know 'much about statistics, or that the subject seriously occupied his attention', he did say that 'we can begin to appreciate the great part played by William Bateson in consolidating Genetics as an independent stream of thought, in this country, and throughout the world. We can appreciate too the wisdom of that most significant step in his career when he vacated the chair of Genetics at Cambridge, to tend and establish the nascent Institution founded by John Innes'. Fisher believed that it would be easier to promote the new subject of genetics in a research institute than in a University likely to be hidebound by its traditions. In a wonderful further piece of invective he wrote 'It is said that Bateson had no liking for statistics; and for the half-bogus statistical arguments by which that forensic adept and indefatigable controversialist, Karl Pearson, had tried to snuff out the discovery of Mendel's work, he had no reason for feeling either liking or respect'. There is no doubt that Bateson and Fisher knew each other, but it seems most unlikely that Bateson appreciated Fisher's statistical and mathematical contributions, and in particular, that he would have understood Fisher's 1918 paper.
Fisher is often portrayed as the supreme theoretician, without reference to his great concern for practical applications, which I have tried to emphasize in this commentary. This is a serious misjudgment, as the vast majority of his theoretical work was, as he himself often emphasized, devoted to an understanding of how to deal with real experimental data, most especially in the area of genetics, as discussed in his Bateson lecture. Those who know of Fisher mainly through statistical applications mostly do not appreciate his enormous contributions to genetics, and, vice versa, those who know him largely through his genetical and evolutionary works are unlikely to be aware of his ground-breaking contributions to modern statistics. Too many scientists of the current generation seem only to have heard of Fisher through 'Fisher's exact test' for significance of associations in contingency tables.
As already mentioned, I was among the last of RA Fisher's students. He was a quite extraordinary scientist, in my view one of the greatest of the 20th century. He had an enormous influence on my attitudes to science and scientific research. Fisher is, I believe, unique to this day in his extraordinary combination of mathematical and biological insight.
